INTRODUCTION
As the world continues to deplete its petroleum reserves, high-quality crude oil can remain neither plentiful nor inexpensive. When reserves of light crude oil run low, heavy crude oil, coal liquids and other heavy fossil fuels may be required to meet the world's energy needs. Heavy fossil fuels contain molecules that are larger and more aromatic and that contain more heteroatoms (nitrogen, oxygen and sulfur) than those found in light crudes. To process heavy fossil fuels, their thermodynamic properties must be known.
Most current correlations for thermodynamic properties of fossil fuels use normal boiling point and liquid density at 60°F as input parameters [American Petroleum Institute (1983) , Tsonopoulos et al. (1986) , Twu (1984) , Lin and Chao (1984) , Watanasiri et at. (1985) ]. While these correlations are useful in many cases, they have some serious disadvantages.
Many of the boiling-point and density-based coi -relations are not applicable to fuels containing a significant number of heteroatoms. Further, for heavy fossil fuels, the needed liquid densities and boiling points may be experimentally inaccessible. In some cases, accuracy may be lost upon using a correlation to extrapolate available densities and vapor pressures to 60°F and the normal boiling point. For very heavy fossil fuels, reliable vapor pressures and liquid densities may be unavailable, thereby preventing use of the common correlations.
Several attempts have been made to construct correlations based on group-contribution methods or on molecular-structure data [e. g. Allen (1986) , Smith et al. (1976) , Edwards and Prausnitz (1981a) , Edwards et al. (1981b) , Macknick and Prausnitz (1979) , Ruzicka (1983a) , Ruzicka et at. (1983b) , Jensen et at. (1981) , Gang et al. (1986) ]. Correlations based on molecular structure can easily be applied to heteroatomic compounds and often do not require vapor-pressure data. However, to predict properties of heavy fossil fuels, some of these correlations require elaborate chemical analyses to determine the number of functional groups in a sample [Allen et al. (1984) ]. Therefore, group-contribution correlations are often not useful for process-engineering calculations.
The correlation proposed here uses approximate but easily accessible structural data to determine equation-of-state parameters, in a manner similar to that indicated by Alexander ci at. (1985b) for the Redlich-Kwong-Soave equation of state and also by Wilhelm and Prausnitz (1985) . The approximate structural data follow from experimental characterization measurements using standard analytical instruments.
The correlation presented here does not require boiling-point and density data. Instead, it uses characterization data that reflect molecular structure. The correlation presented here provides estimates of any configurational thermodynamic property, i.e. any property that can be obtained from an equation of state, including vapor pressure, density, fugacity, configurational entropy and enthalpy; it is useful for VLE calculations for mixtures which may also include light gases.
This work does not replace previously established successful correlations; instead, it augments our ability to estimate thermodynamic properties, especially for those fuels where the ordinary input data (density and boiling point) are inaccurate and inaccessible.
CHARACTERIZATION DATA
Experimental characterization data are needed as input for the correlation. These data can be obtained using standard experimental methods as described, for example, by Alexander et al. (1985a) and by Rodgers et al. (1987) These methods first separate a fossil fuel into fractions containing molecules of similar size or boiling point. Elemental analysis, molecular-weight measurements, NMR and IR spectroscopy are then performed for each fraction. Similar procedures have been reported by others [Schwager and Yen (1979) , Bartle et al. (1979) , Zygmunt and Bartle (1983) ].
Elemental analysis gives the relative abundance of C, H, N, 0, and S atoms. The NMR spectrum is used to distinguish amongst four classes of carbon-bonded hydrogen: hydrogen bonded to an aromatic carbon (H0,.0) ; hydrogen bonded one carbon away from an aromatic carbon (Ha); hydrogen bonded to a nonterminal carbon further than one carbon away from an aromatic ring (/lij); and hydrogen bonded to a methyl group that is not bonded to an aromatic ring (H,,) . IR spectroscopy is used to distinguish between ether and hydroxy oxygen and to distinguish among primary amines, secondary amines and other nitrogen groups.
For each fraction, the characterization data are reduced to provide the average number of the following atoms or groups per molecule; carbon atoms (C); different kinds of hydrogen 
EQUATION-OF-STATE CONSTANTS
A modified perturbed-hard-chain equation of state, recently developed by Cotterman et al. [Cotterman et al. (1986a) , Cotterman and Prausnitz (1986b) ], is used as the basis of the correlation.
For a nonpolar pure fluid, this equation of state• has three constants: an attractive energy parameter a molecular-size parameter (v) , and a parameter that indicates molecular tiexibility (c). T* and i" have units of Kelvin, and cm 3lmole respectively. Parameter c is dimensionless. Following Prigogine (1957) , parameter T is defined by
The product, cT, is equal to e,q/k, where Eii is a characteristic potential energy between two representative segments of two molecules of type i, q is the molecular area of interaction and k is Boltzmann's constant.
As discussed Later, for calculating mixture properties, T' and v* are factored into products of other parameters. In addition to Equation 1 we write
Where r is the number of segments per molecule.
As suggested by theory and as observed by data reduction, [Cotterman et al. (1986a) 
CALIBRATION: CORRELATING METHOD FOR PURE COMPONENTS
The perturbed-hard-chain equation of state was initially developed for pure fluids and for welldefined mixtures. To extend the perturbed-hard-chain equation of state to fossil-fuel fractions, it is first necessary to establish a calibration i.e. to correlate known equation-of-state parameters with known characterization parameters. To establish this correlation, a data bank is used. This bank contains vapor-pressure and density data for 233 model compounds containing five or more atoms other than hydrogen. In this data bank, vapor-pressure data range from 6.67x1O bar to a pressure corresponding to eight tenths of the critical temperature; liquid densities are at temperatures between the melting point and eight tenths of the critical temperature. Characterization parameters of the compounds in the data bank are obtained by inspection of the known structures. Table I shows the distribution of model compounds. (A complete list of model compounds, data sources and data ranges is given in the supplemental material.) These compounds were chosen to represent typical oils and coal liquids. Olefins and acetylenes were not included in the data bank.
Because of the large number of hydrocarbons in the data bank, no single hydrocarbon can have a very large effect on the correlation. Unfortunately, the number of heteroatomic compounds in the data bank is severely limited by the scarcity of thermodynamic data, especially liquid densities.
Because our correlation is based on fits to data for pure components of known structure, the correlations are established independently of errors or biases in any characterization method. Therefore, in principle, the correlation can be used with experimental results from any chemical-analytical techniques for measuring the required structural parameters. Because the values of the equation-of-state parameters are not orthogonal, it was not possible to correlate all of the pure-component parameters to characterization data at once. To establish the correlation, all three equation-of-state parameters were first fit to vapor-pressure and density data using methods described by Cotterman et al. (1986a) . Next, parameter v* was correlated to structural data using the results of the three-parameter fit and correlating methods described below. The other two parameters, e.1 q/k and c, were then refit to vapor-pressure and density data with v calculated using the correlation. Then, E,q/k was correlated to molecular structure. Next, c was fit to thermodynamic data while v' and eq/k were calculated using the previously established correlations. The results of this fit were used to correlate c to molecular-structural data. After c was correlated, e1 q/k and c were refit and correlated alternately with the other two parameters held at their correlated values until the correlations no longer improved. This procedure converged in one or two iterations.
To correlate equation-of-state parameters with structural data for pure compounds, we used the "ACE" subroutine [Breiman and Friedman (1983) ]. Equation-of-state parameters were fIt to functions of the form were determined using only data for compounds that do not include heteroatoms. The coefficients corresponding to heteroatomic groups were then determined from data for heteroatomic hydrocarbon derivatives. Tables II and HI For homologous series, the correlations behave as expected from previous work [Cotterman et al. (1986a) ]. coefficient for v. The effect of (OH) on v is most likely due to hydrogen bonding causing closer packing of the molecules. The effect of (C) on c follows upon noting that, since most carbons are accompanied by hydrogen, the net effect of a carbon and its associated hydrogen is to increase c.
RESULTS FOR MODEL COMPOUNDS
However, if a carbon is not bonded to hydrogen, it most likely indicates a condensed-ring structure with lower flexibility, decreasing c. Deviations between experimental and calculated thermodynamic properties are larger than those obtained with conventional correlations because those correlations use some thermodynam ic-property data as input. By contrast, the correlation presented here uses only structural characterization data.
To check the ability of the correlations to predict thermodynamic properties, calculations were made for ten pure fluids not included in the data base used to construct the correlations. The errors in these calculations were similar to those shown in Tables IV and V. indicating that the correlation can be used with confidence to estimate properties of pure components. Detailed results are given in the supplementary material.
It has often been observed that it is very difficult to calculate vapor pressures accurately without using at least one vapor-pressure datum as input (Reid et al. (1987) . If one vapor pressure datum where used to determine either r.q/k or c, accuracy would improve dramatically.
RESULTS FOR FOSSIL-FUEL FRACTIONS
The correlations given by Equation 4 (and by tables II and III) were used to provide parameters for the perturbed-hard-chain equation of state. That equation was then used to predict thermodynamic properties of petroleum fractions and coal-liquid fractions characterized by Rodgers et al. (1987) Vapor pressures and densities for these samples (except for the SRC samples) have been reported
elsewhere [Schwarz et al. (1987a) ]. Table VII gives a list of these samples, their boiling ranges, boiling point and liquid density at 60°F. The boiling points and liquid-density values in Table VI are extrapolated from measured vapor pressures and densities [Schwarz et al. (1987a) ]. The characterization data reported by Rodgers et al. (1987) include results of elemental analysis, NMR and IR spectroscopy, and two independent molecular-weight measurements. One molecular-weight measurement was made using gel-permeation chromatography as described by Rodgers et al. (1987) The other molecular-weight measurement was made using mass spectroscopy. Additional characterization data for the SRC samples are given by Harrison et al. (1985) . Appendix A shows a sample calculation for converting raw characterization data from Rodgers et al. (1987) to the characterization parameters needed in Equation 4.
Since calculated vapor pressures are highly sensitive to molecular weight, special care must be taken to obtain the best possible measurement of molecular weight.
For the mass-spectral measurements reported by Rodgers et al. (1987) , the sample, was vaporized at approximately 10r 7torr over a temperature range from ambient to 280°C. While the sample was vaporizing, 30 scans were made at 26-second intervals. The sample was ionized by electron impact with an ionization voltage of 10 eV. A 5 kV accelerating voltage was used.
For some samples, molecular weights were measured by vapor-pressure osmometry (ASTM method D2503) in benzene or chloroform or by cryoscopy in benzene. The measurements made in chloroform were performed by Heppner (1985) . The other osmometry and cryoscopy measurements were made by Chevron Research Corporation.
As shown in Appendix A, all characterization parameters are the products of molecular weight and a number dependent only on elemental analysis and spectroscopic data.
Molecular weight is the most important characterization datum. Additional molecular-weight estimates were made by fitting molecular weight to measured vapor pressures and densities as follows: Assuming the elemental analysis and spectroscopic data reported by Rodgers et al. (1987) to be correct, characterization parameters were then calculated as a function of molecular weight, as shown in Appendix A. These functions were inserted into Equation 4. The molecular weight was adjusted to produce agreement between experimental data and thermodynamic properties calculated using the parameters obtained from Equation 4. This adjustment of molecular weight has almost no effect on calculated mass densities, but small adjustments have a strong effect on vapor pressures. Table VII shows various estimates of molecular weight.
Calculations were first performed using the elemental-analysis and spectroscopic data reported by Rodgers et al. (1987) coupled with various molecular-weight measurements. These calculations often give poor predictions of vapor pressure. Calculated vapor pressures are both too high and too low depending on which molecular-weight measurement is used. Poor vapor-pressure predictions result from sensitivity to equation-of-state parameters e ii cllk and c which are linear functions of molecular weight.
Because of inconsistencies in the molecular-weight measurements, some molecular-weight.
measurements were empirically corrected for suspected systematic errors. Measured molecular weights were correlated to the optimal molecular weights as determined by fitting molecular weight to vapor-pressure and density data. It was found that the molecular weights measured by mass spectroscopy or vapor-pressure osmometry can be corrected to obtain-optimized molecular weights; the correction factor is a function of characterization parameters. For molecular weights measured by vapor-pressure osmometry in benzene,
For measurements using mass specu-oscopy,
The corrections for vapor-pressure-osmometry measurements are between plus and minus four percent. For the mass-specu-oscopy measurements, the corrections range from twelve to forty percent.
The hydrogen fractions appearing in Equations 6 and 7 can be obtained directly from integration of an NMR spectrum. Equations 6 and 7 are based on NMR-peak assignments used by Alexander et al. (1985a) and Rodgers et al. (1987) . These equations should not be used if calculations are based on different peak assignments used by other workers. Appendix B shows a sample calculation using the molecular-weight corrections to calculate equation-of-state parameters.
Equations 6 and 7 were tested for stability by refitting the coefficients in the equations with one of the fossil-fuel fractions deleted from the correlated data set. For the mass-speciroscopy correlation, the data base contained ten fractions. In this case, ten stability tests were performed using data sets of nine fractions. The worst deviation between the correlations shown above and a correlation based on a partial data set was 2%.
Vapor pressures and liquid densities of the fossil fuel fractions were calculated using molecular weights corrected using Equations 7 and, when molecular weights from vapor pressure osmometry were available, Equation 6. For comparison, vapor pressures were predicted using a modified version of the Maxwell-Bonnell correlation [Tsonopoulos et al. (1986) ] and the SWAP correlation [Smith et al. (1976) , Edwards et al. (1981b) ]. The required input information for the SWAP method was estimated from the data of Rodgers et al. (1987) . Liquid densities were also calculated using the Rackett equation with standard correlations for molecular weights and critical properties [American Petroleum Institute (1983) ]. For the correlations which require normal boling points, they were estimated from measured vapor pressures and from normal boiling points given by the midpoint of the boiling range obtained from distillation data. Results of these calculations are summarized in Table VIII . The supplemental material contains results for each individual fraction. Table VIII shows that predictions of vapor pressures made with the correlations presented here are in general superior to thQse made using a normal boiling point derived from distillation data.
However, results obtained using the new correlation are not as good as those obtained with the modified Maxwell-Bonnell correlation provided that the input boiling point datum is from extrapolated vapor-pressure data. These results suggest that boiling points obtained from distillation data may not be reliable for correlations using normal boiling point as a primary input parameter.
The SWAP method suffers from difficulties in estimating the naphthenicity of the samples.
This often results in poor predictions.
Fractions WCLP cuts 4 and 5 contain a large amount of oxygen. The high oxygen content has little effect on the accuracy of the correlation presented here but it appears to affect results obtained using the Maxwell-Bonnell method.
Vapor pressures and densities were also calculated as follows; the structural correlations were used to obtain e,1 q/k and v but c was adjusted to match the extrapolated normal boiling point. For this calculation, average absolute deviations in calculated vapor pressures were 11% using corrected molecular weights from mass spectroscopy and 9% using corrected molecular weights from vaporpressure osmometry. The errors resulting from these calculations are slightly smaller than those, shown in Table VIII , obtained from the modified Maxwell-Bonnell correlation. When c was adjusted to fit the the normal boiling point, results for calculated liquid densities were slightly better than those shown in Table VIII .
Increasing the correlated value of r11 q/k by 9%, reduces average errors in predicted liquid densities to a few tenths of a percent and eliminates the consistent positive bias in the predictions.
While such adjustment tends to improve calculated liquid densities considerably, it causes larger errors in calculated vapor pressures.
These comparisons show once again that it is difficult to predict vapor pressure without at least one reliable vapor-pressure datum [Smith et al. (1976) , Alexander et al. (1985b) 
MIXTURES OF FRACTIONS AND VOLATILE COMPONENTS
Using the mixing rules presented by Cotterman and Prausnitz (1986b) , the equation of state used in this work can be extended to mixtures. To use these mixing rules, the three pure-component equation-of-state parameters are defined in terms of the five parameters shown in Equations 1 and 2.. (kq , k11 , and k-8 ) are also needed to calculate mixture properties. The parameter A-11 is used to calculate an average attractive interaction energy (e,,) between molecules i and j when i is in excess at high density:
Binary interaction parameters
The parameter k1, serves a purpose similar to that for kq except it applies to a molecule of i dissolved in an excess of j. The third interaction parameter, k8 , applies to the interaction energy in the virial limit. In this work k9 , the interaction parameter for the low density limit is taken to be zero.
The high-density mixture parameters (k,1 and k 1 ) are assumed equal.
For a. fossil-fuel fraction, elk (per segment) was taken to be 100 K, similar to that for pure -hydrocarbons. The parameter q is determined from the correlated value of eq/k. The volume of a molecular segment ( v) is set at 10 cm 31mole. To determine r for a fraction, the correlated value of v is divided by v. For pure well-defined components including light gases, we use previously published values [Cotterman et al. (1986a) , Cotterman and Prausnitz (1986b To determine a correlation for k 1 for light-gas/heavy-fraction equilibria, interaction parameters, we used experimental VLE data for binaries containing H,, CH4 , CO,. C,H6, and H,S with model compounds and fossil-fuel fractions. The data were fit using the methods described by Cotterman and Prausnuz (1986b) . Table IX shows a summary of the model-compound data used. Included in the data bank were Henry's constants, P-T-x-y, P-T-x, and light-gas-partial-pressure-T-x data. A listing of data types, sources and ranges is in the supplemental material.
In general, the model compounds were either saturated hydrocarbons or highly aromatic. Few data are available for model compounds with mixed aromatic and saturated structures (I-I/C near 1.5). Mixtures of CO,. C114, and H, with qumoline and mixtures of H, with thianaphthene were included. Interaction parameters for these mixtures were similar to those for mixtures of light gases with pure hydrocarbons. Because of the scarcity of equilibrium data for heteroatomic substances, corrections for some heteroatoniic structures could not be included in the correlations. Unusually high values of k, 1 were calculated for binaries including m-cresol. These data were not included in the correlation because of the difficulty in ascertaining the effect of the OH group from the limited data available.
Equilibrium data for mixtures of the SRC fractions and hydrogen are given by Harrison et al. (1985) . Data for mixtures of H,S and 112 with some of the WCLP fractions are given by Tewari (1985) . Solubility data for G0 2, CH4 and C,H6 in the Exxon and WCLP fractions are given by Schwarz and Prausnitz (1987b) . For the calculations in this work, all reported mole fractions were adjusted for differences between corrected molecular weights calculated from Equations 6 and 7 and molecular weights reported with the mixtures phase-equilibrium data. In developing the correlations, for k,3 , corrected molecular weights from mass spectroscopy were used.
Values of kq calculated from experimental data were smoothed according to
where Mk are coefficients that depend on the gas. Table X shows M1k values for various gases interacting with fossil-fuel fractions and average errors in calculated k11 .
When correlating parameters, it is desirable to avoid using gas-solubility for fractions to avoid effects of errors in characterization. However, because gas solubility data are rare for mixtures contaming large unsaturated hydrocarbons, for all gases except hydrogen, gas solubility data for the fractions were included in obtaining the correlations for k11 . Appendix C shows a sample calculation of kij and predicted Henry's constants.
The exponential decay term was not needed to fit the hydrogen data. Because of the small size of hydrogen molecules, all of the hydrocarbon molecules considered here are large relative to hydrogen. As a result, k,1 for hydrogen reaches the large-molecular-weight asymptote rapidly.
For fraction-fraction interactions, A-,1 is set to zero.
To illustrate the use of these correlations, Figure 5 shows K values calculated for a mixture of light gases the aromatic compound whose vapor-pressure curve is shown in Figure 2 . Figure 6 shows calculated Henry's constants for methane in the forty and fifty-carbon atom compounds whose vapor pressures are shown in Figures 2 and 3. Henry's constant for methane in the heavier solvent is roughly four fifths of that in the lighter similar solvent. The Henry's constants vary in this way because a small gas molecule (methane) only interacts with a small number of molecular segments, regardless of solvent size. As a result, the ratio of methane to solvent segments is nearly constant for solvents that have similar molecular structures and that are much larger than methane. Figure 6 also indicates the dependence of Henry's constants on structure. Aromatic molecules are nearly an order of magnitude worse solvents than the alkanes.
Tables XI shows errors for gas solubilities in fossil-fuel fractions calculated using k 1 from
Equation 9. Because the molecular weights of some fractions were not measured using vapor pressure osmometry, calculations could not be completed for all fractions using both methods of measur ing molecular weight. Using the two different methods of obtaining molecular weight, The large apparent differences in predictions for solubilities of hydrogen sulfide and hydrogen are due to the smaller amount of data available for comparison with the vapor-pressure-osmomeiry method. For
Cl-!4, C2!! 6 and CO-,, as temperature falls, positive errors in calculated pressures tend to decrease and the magnitude of negative errors tend to increase. Predicted pressures for hydrogen follow the opposite trend with temperature. The available data do, not indicate any significant effect of temperature on the accuracy of the H1S-solubility calculations. The solubility data for the fractions tend to be for small amounts of gas in the, heavy liquid. The negative bias in calculated pressures is probably due to the tendency of the equation of state to underestimate pressures for dilute mixtures when mixture parameters are fit over a wide range of composition.
CONCLUSIONS
A new correlation has been developed for thermodynamic properties of heavy fossil fuels. It uses the perturbed-hard-chain equation of state with parameters obtained from approximate molecular-structure (characterization) data. This correlation provides thermodynamic properties of heavy fossil-fuels without using conventional input parameters (boiling point and density at 60 °F) which may not be available or accessible for heavy fractions.
Because the correlations is based on an equation of state, it is easily extended to mixtures using conventional procedures.
When approximate structural parameters are used to correlate thermodynamic properties, calculated results are not as accurate as those obtained with standard methods. In conventional methods, experimental boiling points and densities are used as input data. The method presented here does not have the advantage of using known thermodynamic data to predict other thermodynamic data.
In principle, group-contribution methods may provide accuracy because more structural detail is used in the correlation. However, detailed analytical data or thermodynamic data are rarely available for a heavy fossil-fuel fraction. The present work is useful whenever direct thermodynamic data or detailed structural data cannot be obtained.
In any effort to correlate thermodynamic properties using approximate structural parameters, the most pressing difficulty is to obtain accurate estimates of molecular weights. Therefore, much care must be exercised in measuring the molecular weight or, if that cannot be done, in empirically correcting inaccurate molecular weights. Improvements in the correlation method presented here (or in any other correlation based on molecular structure), are likely to be strongly linked to advances in experimental methods for chemical analysis of complex mixtures. Tables II and III, Harrison et al. (1985) .
b Estimated from subatmospheric vapor pressures.
30
Estimated from densities at temperatures above 60°F. Rodgers et al. (1987) b Measured by Heppner (1985) .
Measured by freezing-point depression in benzene. 
